In this work, the development of a highly active noble metal phosphide (NM X P Y )-based hydrodesulfurization (HDS) catalyst with a high hydrogenating ability for heavy oils was studied. NM X P Y catalysts were obtained by reduction of P-added noble metals (NM-P, NM: Rh, Pd, Ru) supported on SiO 2 . The order of activities for the hydrogenation of biphenyl was Rh-P > NiMoS > Pd-P > Ru-P. This order was almost the same as that of the catalytic activities for the HDS of dibenzothiophene. In the HDS of 4,6-dimethyldibenzothiophene (4,6-DMDBT), the HDS activity of the Rh-P catalyst increased with increasing reaction temperature, but the maximum HDS activity for the NiMoS catalyst was observed at 270 • C. The Rh-P catalyst yielded fully hydrogenated products with high selectivity compared with the NiMoS catalyst. Furthermore, XRD analysis of the spent Rh-P catalysts revealed that the Rh 2 P phase possessed high sulfur tolerance and resistance to sintering.
Introduction
Hydrodesulfurization (HDS) is one of the important processes in the petroleum industry to produce clean fuels [1] [2] [3] [4] . Since fuels for ships contain larger quantities of sulfur compounds compared to gasoline and diesel fuel, regulation of sulfur oxide emissions from ships will be strict in the near future. Heavy oil contains refractory organic sulfur compounds, such as 4,6-dimethyldibenzothiophene (4,6-DMDBT). It is well known that hydrogenation is an important method for the desulfurization of 4,6-DMDBT, because steric hindrance led by methyl groups can be decreased by hydrogenation of aromatic rings [5] [6] [7] . Thus, the petroleum industry claims that the development of highly active hydrodesulfurization (HDS) catalysts, which exhibit higher hydrogenating and HDS activities than commercial CoMo catalysts, will prevent air pollution, acid rain, and deactivation of exhaust gas treatment catalysts.
Transition metal phosphide catalysts have high potential for the HDS reaction [2, 3, 5, [8] [9] [10] [11] [12] [13] [14] [15] . On the other hand, noble metal phosphides (NM X P Y ) [16] [17] [18] [19] , especially rhodium phosphide (Rh 2 P), showed high and stable HDS activity. It is well known that noble metals (NM: Rh, Pd, Ru, Pt) have higher hydrogenating ability than transition metals. Thus, NM X P Y catalysts also would have high hydrogenating abilities, and these catalysts would also show high activities for the HDS of refractory organic sulfur compounds. However, the activities of NM X P Y catalysts for hydrogenation of aromatic compounds have not been reported. Bussell's group reported that Rh 2 P showed higher catalytic activity for the HDS of dibenzothiophene (DBT) than Rh 2 S 3 [20] . They also reported that Pd and Ru phosphide catalysts exhibited lower activity for the HDS of DBT than its sulfide catalysts [21] . However, activity for the HDS of 4,6-DMDBT should be evaluated to develop highly active NM X P Y catalysts for the HDS of heavy oil. We found that the HDS activity of Pt catalysts decreased with increasing P loading [16, 18] . Thus, we examined the hydrogenation and HDS activities of P-added NM (NM-P), such as Rh-P, Pd-P, and Ru-P, catalysts. Since increasing the reduction temperature causes the formation and sintering of NM X P Y species, the optimal reduction temperature for HDS activities of NM-P/SiO 2 catalysts were clearly observed [16] [17] [18] [19] .
In this study, the hydrogenation and HDS activities of NM-P/SiO 2 catalysts reduced at optimal temperatures were studied to clarify the relationship between hydrogenating activities and HDS activities. Biphenyl (BP), DBT, and 4,6-DMDBT were used as reactants to evaluate the potential of NM-P/SiO 2 catalysts for the HDS of heavy oil. Figure 1 shows the effect of reaction temperature on the hydrogenation activities of NM-P/SiO 2 and NiMoS/Al 2 O 3 catalysts. The hydrogenation activities of these catalysts increased with increasing reaction temperature. Regardless of reaction temperature, the Rh-P catalyst showed the highest level of activity compared to the other NM-P and NiMoS catalysts. On the other hand, the Pd-P and Ru-P catalysts showed a lower level of activity compared to the NiMoS catalyst. The order of activities for the hydrogenation of aromatic compounds was as follows: Rh-P > NiMoS > Pd-P > Ru-P. The product yields from the hydrogenation of BP at 270 • C are listed in Table 1 . The Rh-P catalyst exhibited a remarkably higher cyclohexylbenzene (CHB) yield, which was 2.8 times greater than that of the NiMoS catalyst. In particular, a fully hydrogenated product (bicyclohexyl: BCH) was observed in the hydrogenation of BP over the Rh-P catalyst. On the other hand, other NM-P catalysts yielded only CHB as a reaction product, indicating that the Rh-P catalyst possesses superior hydrogenation activity among NM-P catalysts. For the Pd catalyst, the activity for hydrogenation of styrene decreased with the increasing addition of P [22] . Thus, phosphidation may decrease the hydrogenation activity of the NM catalyst. On the other hand, we examined the catalytic activity of NM/MCM-41 for the hydrogenation of benzene at 300 • C. The order of the hydrogenation activities was as follows: Rh > Pd >> Ru [23] . After phosphidation, the order of the BP hydrogenation was the same as that of the NM catalysts. Lee and Oyama reported that since Ni 2 P has metallic properties, this catalyst shows high hydrogenation activity [11, 15] . XPS analysis of Rh 2 P catalysts has revealed that Rh bears a partial positive charge [19, 20] . On the basis of these results, the high hydrogenation activity of Rh 2 P can be also explained by metallic nature. The effect of reaction temperature on the activities of NM-P and NiMoS catalysts for the HDS of DBT was examined. At a lower temperature (210 • C), the Rh-P catalyst showed the highest HDS activity, as shown in Figure 2 . The order of the HDS activities at this temperature was as follows: Rh-P > NiMoS > Pd-P > Ru-P. This order was the same as that of the hydrogenation activities, indicating that hydrogenation activity is one of the important factors to decide HDS activity. The HDS activity of the Rh-P catalyst increased with increasing reaction temperature. The same trend was observed in other catalysts. Above 230 • C, the NiMoS catalyst exhibited the highest HDS activity. Table 2 shows the product distribution of the HDS of DBT over NM-P and NiMoS catalysts. Regardless of reaction temperature, in the Rh-P and Pd-P catalysts, the selectivity of hydrogenated products, such as CHB, BCH, and hydrogenated DBTs (HDBTs), was remarkably higher than that of BP. On the other hand, in the Ru-P and NiMoS catalysts, BP was obtained as a main product. These results indicate that the Rh-P and Pd-P catalysts favored the hydrogenation (HYD) pathway, but the Ru-P and NiMoS catalysts favored the direct desulfurization (DDS) pathway (Scheme 1). Bussell's group reported the same trends [20, 21] . When increasing reaction temperature, in the Rh-P and Pd-P catalysts, the selectivities of CHB and BCH increased and the selectivity of HDBTs decreased. In general, the selectivity of the intermediate reaction products decreased with increasing conversion. Furthermore, it is well known that C-S bond cleavage is an endothermic reaction [24] . Thus, a decrease in the selectivity of HDBTs could be explained by increasing conversion and reaction temperature. Conversely, since a lower reaction temperature (210 • C) is favorable for hydrogenation (exothermic reaction), the high HDS activity of the Rh-P catalyst can be explained by excellent high hydrogenation activity. However, the NiMoS catalyst, with lower hydrogenating activity, showed the highest HDS activity, in the range of 240 • C to 270 • C. An explanation for this result is that the NiMoS catalyst had higher C-S bond cleavage activity. According to these results, since the Rh-P catalyst favors the HYD pathway, this catalyst should show higher activity for the HDS of 4,6-DMDBT than the NiMoS catalyst. 
Results and Discussion

Hydrogenation of Biphenyl
XRD Patterns of NM-P Catalysts after the HDS of DBT
XRD measurements were performed to examine the stability of NM X P Y species. Figure 3 shows the XRD patterns of the NM-P catalysts after the HDS of DBT at 270 • C under 2.5 MPa. The HDS reaction was carried out using a mixture of NM-P catalyst and quartz sand (0.2 g + 0.8 g). Before XRD measurement, quartz sands were separated using a tweezer. However, small particles of quartz sand remained in the spent catalyst. Thus, some sharp peaks for quartz were also observed. On the other hand, these large peaks appeared at different Bragg angles as compared with the peaks for the NM X P Y species. Thus, the XRD patterns of the mixture of NM-P catalyst and quartz sand samples were suitable to evaluate the stability of the NM X P Y species. Around 20-30 • , a broad peak of amorphous SiO 2 support appeared. In the Rh-P catalyst, phase pure Rh 2 P (00-002-1299) [25] remained after the HDS reaction. However, some NM X P Y phases were observed in the spent Pd-P and Ru-P catalysts. In the spent Pd-P catalyst, many phosphide species (Pd 6 P (01-071-2254), Pd 9 P 2 (Pd 4.8 P, 00-019-0890), Pd 3 P (03-065-2415), and Pd 5 P 2 (00-023-0465) [25] ), were observed. On the other hand, two phosphide species (Ru 2 P (01-089-3031) and RuP (01-074-6496) [25] ) were observed in the XRD pattern of the spent Ru-P catalyst. We found that the peaks for Ru 2 P and Ru were observed in the XRD pattern of the Ru-P catalyst before the HDS reaction (after reduction at 650 • C) [18] . The difference between these results can be explained by as follows; the reduction of excess phosphate was facilited by H 2 at 2.5 MPa and Ru 2 P reacted with phosphorus species to form RuP. In any case, the peaks for Rh 2 P, Pd 6 P, Pd 9 P 2 , Pd 3 P, Pd 5 P 2 , Ru 2 P, and RuP were observed in the XRD patterns of the spent NM-P catalysts, and the peaks for sulfides did not appear. These results indicate that NM X P Y species possess high sulfur tolerance. Figure 4 shows the effect of reaction temperature on the activity of Rh-P, which had the highest activity for the HDS of DBT among NM-P catalysts, and NiMoS catalysts for the HDS of 4,6-DMDBT. The HDS activity of the Rh-P catalyst increased with increasing reaction temperature.
Hydrodesulfization of 4,6-Dimethyldibenzothiophene
Effect of Reaction Temperature on Catalytic Activity
As shown in Table 3 , the selectivity for the hydrogenated products, especially 3,3 -dimethylbicyclohexyls (DMBCHs), significantly increased. On the other hand, the NiMoS catalyst exhibited the maximum HDS activity at 270 • C. In this catalyst, the selectivity of hydrogenated products, such as 3,3-methylcyclohexyltoluenes (MCHTs) and DMBCHs, decreased with increasing reaction temperature. It is well known that 4,6-DMDBT has high steric hindrance, which can be reduced by the hydrogenation of aromatic rings [5] [6] [7] . This indicates that higher reaction temperatures, which are thermodynamically unfavorable for hydrogenation reactions, should cause a decrease in the HDS activity of the NiMoS catalyst with low hydrogenation activity. In general, the HDS of heavy oil is carried out at higher temperatures, and the effect of reaction pressure on the HDS activities of these catalysts were examined at 310 • C. 
Effect of Reaction Pressure on Catalytic Activity
The effect of reaction pressure on the HDS activities of Rh-P and NiMoS catalysts were examined at 310 • C. The HDS of 4,6-DMDBT over a Rh-P catalyst is shown in Figure 5 . At a low pressure (3.0 MPa), slight deactivation was observed in the initial stage of reaction (1-2 h). Increasing reaction pressure, the Rh-P catalyst showed more stable HDS activity.
On the other hand, in spite of increasing reaction pressure, the HDS activities of the NiMoS catalyst were unstable (as shown in Figure 6 ) compared to the Rh-P catalyst. Furthermore, at a higher pressure (5.0 MPa), the HDS conversion at 1 h was higher than that at 1.5 h. It has been reported that the sulfidation degree of Mo is one of the important factors to control catalytic activity [4, 26, 27] . Since the sulfided NiMo catalyst was exposed to high pressure H 2 (at 5.0 MPa) before the HDS reaction (at 310 • C), the reduced NiMoS catalyst would show lower HDS activity. However, H 2 S, which is obtained by the HDS reaction, or 4,6-DMDBT reacts with reduced NiMoS to increase the sulfidation degree. Thus, at the initial stage, the HDS activity of the NiMoS catalyst would be enhanced by re-sulfidation in the HDS reaction. Figure 7 shows the effect of reaction pressure on the HDS activities of Rh-P and NiMoS catalysts. For the NiMoS catalyst, the HDS activity slightly increased with increasing reaction pressure. On the other hand, the HDS activity of the Rh-P catalyst significantly increased with increasing reaction pressure. At the same time, the selectivity for hydrogenated products also increased, as shown in Table 4 . In the Rh-P catalyst, the selectivity for DMBP and MCHTs decreased with increasing reaction pressure. At the same time, the selectivity for the fully hydrogenated product (DMBCHs) significantly increased. Conversely, the selectivity for the hydrogenated products (MCHTs and DMBCHs) of the NiMoS catalyst slightly increased with increasing reaction pressure. We revealed that the hydrogenation activities of the MCM-41-supported NM (Rh, Pd, and Ru) catalysts decreased remarkably after H 2 S treatment [23] . Lee and Oyama reported that the higher sulfur resistance of the Ni 2 P catalyst can be explained by the stronger interaction between Ni and P species [11, 15] . In the Rh 2 P catalyst, a strong interaction between Rh and P would cause high sulfur tolerance, as shown in Figure 3 . Therefore, since the Rh-P catalyst should show high hydrogenation activity during a HDS reaction, the Rh-P catalyst yielded fully hydrogenated products with high selectivity. At 5.0 MPa, the Rh-P catalyst showed remarkably higher and more stable HDS activity than the NiMoS catalyst. This result could be explained by high hydrogenation ability causing the removal of sulfur and deposited carbonaceous species from the active site.
XRD Patterns of Rh-P Catalyst after the HDS of 4,6-DMDBT
The stability of Rh 2 P was also examined using an XRD measurement of Rh-P catalysts after the HDS of 4,6-DMDBT at different reaction conditions. The Rh 2 P phase did not change with increasing reaction temperature and H 2 pressure, as shown in Figures 8 and 9 .
Furthermore, crystallite sizes of Rh 2 P in the spent catalysts are listed in Table 5 . The crystallite size of Rh 2 P hardly changed with increasing reaction temperature and H 2 pressure. Therefore, the stable activity of the Rh-P catalyst ( Figure 5 ) could be explained by Rh 2 P particles having high sulfur tolerance and high stability for sintering at grueling reaction conditions. 
Potential of Rh 2 P as a New HDS Catalyst
Rh is one of the most important elements in the exhaust gas treatment catalyst. Thus, the recycle system for Rh catalysts is well-established. Therefore, the recyclability of the Rh-P catalyst is also high. The market for fresh hydrotreating catalysts is roughly 120,000 tons/year [28] . The amount of Rh supply in 2017 was 23.3 tons [29] . This quantity was smaller than that of fresh hydrotreating catalysts. Thus, one of the most important factors for the commercial usage of the Rh-P catalyst is decreasing the amount of Rh. We suggest the following appropriate ways to achieve this: 1. A small amount (<1 wt %) of low loading (ca. 0.5-1.0 wt %) Rh-P/SiO 2 mixed with NiMoS/Al 2 O 3 (>99 wt %) is used as a catalyst; or 2. The HDS of oils are carried out using a NiMoS catalyst in the first reactor, followed by sequential treatment over a Rh-P catalyst in the small second reactor.
Materials and Methods
Preparation of Catalysts
The NM-P catalysts were prepared by a co-impregnation method [16, 17] using rhodium (III) chloride trihydrate (RhCl 3 ·3H 2 O), palladium (II) chloride (PdCl 2 ), ruthenium (III) chloride trihydrate (RuCl 3 ·3H 2 O), and ammonium dihydrogen phosphate (NH 4 H 2 PO 4 ) aqueous solutions, and silica (SiO 2 , 295 m 2 /g) as a support. However, since PdCl 2 hardly dissolves into water, 1.0 mol/L HCl aqueous solution was used. The loading of NM and P were 5.0 and 1.5 wt % (P/NM = 1.0 mol/mol), respectively. After impregnation, the catalyst was dried at 110 • C for 24 h, followed by heat treatment in a nitrogen (N 2 ) stream at 450 • C (10 • C/min) for 1 h to decompose the NM salts. The sieved catalysts (30-42 mesh size granules) were calcined in air at 500 • C (10 • C/min) for 4 h. After drying at 110 • C, the catalyst was calcined at 500 • C for 4 h, followed by a reduction in hydrogen (H 2 , 30 mL/min) under 0.1 MPa at the optimal temperatures for 1 h. Optimal temperatures for NM-P catalysts and formed NM X P Y species are listed in Table 6 . [16, 18] After reduction, the catalysts were cooled to 25 • C in helium (He, 30 mL/min), passivated using 5% O 2 -He (30 mL/min) for 0.5 h. Sulfided NiMo/Al 2 O 3 (NiMoS) catalyst was prepared using 5% H 2 S-H 2 (4 L/h). Sulfidation was carried out at 400 • C for 3 h under 0.1 MPa.
Catalytic Reactions
The hydrogenation of BP was performed using a fixed-bed flow reactor at 210-270 • C under 2.5 MPa. The mixture of passivated catalyst (0.2 g) and quartz sand (0.8 g) was charged into the stainless-steel reactor and heated (10 • C/min) in a H 2 stream (1 L/h) to the reaction temperature. Then, 0.024 mol/L BP xylene solution was introduced into the reactor using a high-pressure pump. The reaction products were analyzed using a gas chromatograph (Shimadzu, GC-14B) equipped with a DB-5 column (30 m) and a flame ionization detector (FID). The HDS of DBT (Scheme 1) and 4,6-DMDBT (Scheme 2) was also performed using a fixed-bed flow reactor. The reaction conditions for the HDS of DBT were 210-270 • C under 2.5 MPa, and for the HDS of 4,6-DMDBT, were 250-310 • C under 3.0-5.0 MPa. Xylene was used as a reaction media and the concentration of reactants (DBT and 4,6-DMDBT) was the same as that of BP. Other conditions were described above. 
Characterization
The XRD patterns of the spent catalysts were measured using a Ultima IV (Rigaku, Tokyo, Japan) equipped with a Cu Kα radiation source operated at 40 kV and 40 mA. The crystallite size of the Rh 2 P was calculated using Scherrer's equation:
where d is the crystallite size (nm), B is the full-width at half maximum of the selected peak (FWHM, radians), K is the shape factor (0.9), and λ is the wavelength of the X-ray (0.154184 nm). The peaks of Rh 2 P (46.7 • , (220) plane) were used to calculate the B parameter.
Conclusions
The results of hydrogenation reaction revealed that the order of activities was Rh-P > NiMoS > Pd-P > Ru-P. This order was almost the same as that of catalytic activities for the HDS of DBT. These results indicate that hydrogenation ability is one of the key factors to prepare highly active HDS catalysts. In the HDS of 4,6-DMDBT at 310 • C under 5.0 MPa, the activities of the Rh-P catalyst were stable and high compared with that of the NiMoS catalyst. At the same reaction condition, the fully hydrogenated products (DMBCHs) selectivity of the Rh-P catalyst was remarkably higher than that of the NiMoS catalyst. In the Rh-P catalyst, the HDS activity and the selectivity for DMBCHs significantly enhanced with increasing reaction pressure. In the NiMoS catalyst, the HDS activity and the selectivity for hydrogenated products increased slightly with increasing reaction pressure. XRD analysis of the spent Rh-P catalysts revealed that Rh 2 P exhibited a high tolerance for sulfur compounds and sintering. Therefore, the high and stable HDS activity of the Rh-P catalyst could be explained by Rh 2 P particles possessing high hydrogenation ability for aromatic compounds, sulfur tolerance and sintering stability.
